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Chapter3
Rubidium Oxides: Phase Diagram
and Cooling-rate Eect
3.1 Introduction
Research on the properties of alkali metal oxides has been carried out since the end
of the 19th century. Along with their rich variety of structural phase transitions
below room temperature, alkali metal oxides containing molecular dioxygen anions
are known to exhibit interesting magnetic properties. Alkali metal superoxides
(AO2; A = K, Rb, Cs) are reported to show three-dimensional antiferromagnetic
(AFM) ordering at low temperatures [1]. In the case of CsO2, the geometry
of the dioxygen anions gives rise to an AFM spin chain above the 3D ordering
temperature (see Chapter 5). The eect of introducing non-stoichiometry has
been relatively little explored. The discovery of a novel oxygen-decient phase of
rubidium superoxide (RbO2 ), described in Chapter 4, demonstrates that non-
stoichiometry can induce structures with dierent orientations of the dioxygen
anions, which can give ferromagnetic (FM) as well as AFM ordering. Rb2O3
shows spin-glass-like behavior due to its mixed-valent nature, in which discrete
superoxide and peroxide cations are thought to coexist [2, 3].
These issues prompted us to survey the region of the phase diagram between
Rb2O3 and RbO2 in more detail and to investigate whether the composition of
RbOx can be closely controlled. This chapter will discuss the individual phases
found in this region. A detailed investigation of polycrystalline RbO2 will be
presented in the rst part of this chapter. The crystal structure of RbO2 at and
below room temperature has previously been studied using single crystal x-ray
diraction data [4]. Diuse scattering was observed at room temperature (phase
A manuscript based on this chapter is in preparation for publication.
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II), which was attributed to small anion tilts in the ac- or bc-plane and shifts
along the a or b axis as a consequence of the Jahn-Teller eect, giving rise to an
orthorhombic superstructure with only short-range coherence. The dierent pos-
sible tilt and shift directions would give rise to twin domains, which would mimic
tetragonal symmetry if the orthorhombic distortion is extremely small [5]. The
appearance of an incommensurate charge density wave in the basal plane was ob-
served below 194 K (phase IIIa), which was explained by an increase in size of the
Jahn-Teller distorted domains [4, 6]. The average structure becomes orthorhombic
below 175 K (phase IIIb) and monoclinic below 90 K (phase IIIc), while the
incommensurate reections persist [4]. Similar structural transitions have been ob-
served in KO2 [4, 7]. However, the structures of the RbO2 phases above are poorly
characterized and little is known about the nature of the phase transitions. In par-
ticular, there is no direct evidence as to whether the orbital degeneracy is already
lifted in phase II at room temperature. Single crystal diraction is complicated by
the large numbers of twin domains that result from the series of phase transitions,
and also by apparently poor crystal quality that tends to smear out the reections
[4]. The aim was both to investigate whether powder diraction using modern
instrumentation can provide more insight into the structural properties of RbO2,
and also to study any dierence in the structural properties between polycrystal-
line and single crystal samples. Correlation between the magnetic properties with
the low temperature structure of the compound will also be discussed.
I also focus on attempts to prepare intermediate phases between RbO2 and
Rb2O3, a possibility that has not been studied in the literature. The discussion
will be mainly focused on the crystallographic properties of RbOx for 1.5 < x <
2; it will be presented a phase diagram for this compositional range. At the end
of the chapter, the eect of cooling rate on the crystallographic properties of the
compounds will be explained.
3.2 Experiment
Fully oxidized rubidium superoxide (RbO2) was synthesized by careful oxidation
of rubidium metal in liquid ammonia solution. The best method of preparing
rubidium oxides with lower oxygen contents proved to be the thermal decompo-
sition of RbO2 at 220
C. By varying the decomposition duration, samples with
dierent compositions were obtained. Details of these procedures, together with
the methods used for x-ray diraction, magnetization and Raman spectroscopy
measurements, are given in Chapter 2.
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3.3 Rubidium Oxide Phases
3.3.1 Rubidium Superoxide (RbO2)
The Jahn-Teller eect in RbO2 involves tilting of the superoxide dumbbells away
from the c-axis and possibly small shifts of the center of mass of the anions away
from high-symmetry sites in the tetragonal plane. From the literature it is un-
clear where the cooperative Jahn-Teller distortion sets in and how it develops with
temperature. Therefore, the structure of polycrystalline RbO2 is examined from
its decomposition temperature down to 20 K. Figure 3.1(a) shows the tted x-ray
powder diraction pattern at 300 K. The current samples always contained a few
percent of both cubic RbO2  and RbOH.H2O as impurity phases. The structure
was rened using the I4=mmm space group and lattice parameters of a = b =
4.2207 A and c = 7.0018 A were obtained, which are in good agreement with
those reported for single crystal RbO2 [3]. The structure of RbO2 at room tempe-
rature thus appears to be body-centered tetragonal, with superoxide dumbbells
pointing along the c-direction. However, this might be only the long-range aver-
age structure, which on a local level might be comprised of orthorhombic domains
with short-range ordered dumbbell tilts and shifts due to Jahn-Teller distortion
[4, 8]. Although the t in I4=mmm symmetry appears to be good, examination of
the rened parameters can give clues as to whether the structural model is correct.
For example, physically unreasonable values of the temperature factors can signal
problems with the structural model, and in this case the values are somewhat
high: Uiso = 0.0491(2) A
2 for O and 0.0683(6) A2 for Rb. Moreover, the O-O
bond length determined from the x-ray powder diraction data is considerably
shorter than 1.33 A expected for the superoxide anion: 1.242(2) A. It can thus be
concluded that the average structure of polycrystalline RbO2 at room temperature
is indeed tetragonal, but that deviations from tetragonal symmetry may occur on
a local level. This is similar to KO2 where high temperature factors were obtained
for the tetragonal model from powder diraction data [7], suggesting that small
distorted twin domains are already present at room temperature.
Table 3.1. Atomic parameters obtained from the renement of the x-ray diraction
pattern at 20 K (a = 4.1295(1) A; b = 4.1456(1) A; c = 6.9875(1) A; Vol. = 119.620(4)
A3). The O-O bond distance obtained from the renement is close to the expected
value for superoxide: 1.353(2) A.
Atoms x y z Uiso
Rb (2a) 0 0 0 0.0330(2)
O (8l) 0 -0.005(8) 0.4033(1) 0.058(2)
At 20 K in the tetragonal I4=mmm model, broadening of the hkl, h 6= k
peaks was observed, particularly those with l = 0, as illustrated by the 200 and
013 peaks in Figure 3.1(c). This anisotropic broadening could be modeled reas-
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Figure 3.1. Observed, calculated and dierence x-ray powder diraction patterns of
polycrystalline RbO2 at (a) room temperature and (b) 20 K; (c) Expanded view of the
observed and calculated XRD patterns at 20 K showing peak broadening due to
orthorhombic distortion.
onably by using the microstrain broadening formulation of Stephens [9], incorpo-
rated in the GSAS software as renable peak prole parameters Shkl. However
the pattern could be tted better using an orthorhombic unit cell (space group
Immm). Indeed, by comparing the wRp values for ts to both the tetragonal
and orthorhombic models in the temperature range 20-300 K, it was found that
the orthorhombic (Immm) model was slightly more favorable at all temperatures
(see Figure 3.2(a)). The evolution of peak broadening was studied as a function of
temperature in order to determine whether there is a well-dened phase transition
below room temperature. Figures 3.2(b) and (c) show the ts to the 200 peak at
260 K and 270 K using the tetragonal (I4=mmm) model. The t using I4=mmm
at 260 K is not good, but can be signicantly improved by the Immm model (see
Figure 3.2(d)). This change in peak shape between 260 K and 270 K strongly
suggests that an orthorhombic distortion sets in here. No further transitions were
obvious on cooling to 20 K. The elongated b-axis associated with the orthorhombic
distortion suggests that the dumbbells tilt towards the b-direction, removing the
38
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4-fold rotation axis parallel to the c-axis. It was not possible to determine the
tilt angle from the current data. On allowing the oxygen y coordinate to vary, it
remained close to zero (Table 3.1) and the renements did not converge smoothly.
This might be due to the diculty in rening oxygen coordinates from lab XRD
data in the presence of a much heavier element, or it may indicate either that
the orthorhombic model is only an average structure or that the true symmetry is
lower. Figure 3.1(b) shows the tted diraction pattern of RbO2 at 20 K based
on the structure in Table 3.1.

















































Figure 3.2. (a) Plot of wRp as a function of temperature for two dierent models of
RbO2, I4=mmm and Immm. The 200 peak at (b) 260 K and (c) 270 K tted using the
I4=mmm model. (d) Fit at 260 K using the orthorhombic Immm model.
Signicant increases in the anisotropic broadening parameters S400 and S040,
which involve peaks with non-zero h and k indices [9], were observed on cooling
(see Figure 3.3(a) and (b)). The values of the other Shkl microstrain parameters
were at least 3 times smaller at low temperature, which indicates greater strain in
the ab-plane. A gradual increase with cooling is shown in the evolution of S400,
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while a sudden jump at 240 K is seen in S040. The jump in S040 at 240 K could
sign further peak splitting indicating the formation of a monoclinic structure, as
observed for single crystal RbO2 [4]. Indeed, although not reected in the wRp
(Figure 3.2(a)), the t using the Immm model becomes visibly worse at 70 K
and below. Figure 3.3(c) shows the t of the 112 peak at 20 K using the Immm
model. The t is reasonably good, except for some small intensity mismatch on
the lower 2 side of the peak. This mismatch might indicate further splitting
towards a monoclinic structure, as was reported before [4]. The current powder
x-ray diraction data might not be able to resolve this orthorhombic to monoclinic
phase transition. Additionally, the monoclinic transition might be broadened in
the polycrystalline sample due to a distribution of grain sizes. Renement using
a monoclinic structure was then carried out following the reported single crystal
unit cell parameters, which are consistent with space group I112=m. However, the
peak broadening places an upper limit on the monoclinic  angle of only 90.02
at 20 K, which is dierent from the reported structure in single crystals where  








































Figure 3.3. (a) and (b)The evolution of the anisotropic broadening parameters S400 and
S040 with temperature (orthorhombic model over the whole temperature range); (c)
The t of the 112 peak using the Immm model.
The high degree of ab plane strain below 260 K may also be due to the formation
of twin nano-domains. A similar phenomenon has been observed in ferroelectric
perovskites, where the complex domain structure can give diraction patterns that
mimic dierent symmetry [10, 11]. A diraction theory for this type of feature has
been developed; peak shifts, asymmetric broadening and even new peaks can be
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expected due to interference between the waves scattered from dierent nanodo-
mains [12{14].
The crystallographic properties of the current polycrystalline sample are dif-
ferent to those reported for single crystals [4]. In single crystal RbO2 a phase
transition from tetragonal to orthorhombic (average structures) takes place at 194
K, together with the appearance of incommensurate satellite reections. The ap-
parently broadened transition that is observed might be due to a large distribution
of grain sizes and shapes that are present in the polycrystalline RbO2 sample. The
eects of strain at grain boundaries might then broaden or shift the temperatures
of the phase transitions. In addition, powder XRD data are less sensitive to the
diuse scattering that was reported for single crystals, which can indicate short-
range order, stacking faults or nanoscale domains with lower symmetry. There is a
single extra weak peak in the diraction patterns at 2 = 25.4 that is consistent
with the reported incommensurate propagation vector of (0.32 0 0) [4]. How-
ever, this peak is present at all temperatures and the current data do not allow



































































Figure 3.4. The evolution of the (a) lattice parameters and (b) cell volume with
temperature; the tetragonal cell volume has been doubled for comparison with the
cubic phase. (c) Close-up of the volume evolution at high temperature. The shaded
area is the phase coexistence region.
Figure 3.4 shows the lattice parameter and unit cell volume evolution with
temperature. Starting from 300 K down to 20 K, the a and b lattice parameters as
well as the cell volume shrink steadily with decreasing temperature, and the a and
b lattice parameters split below 260 K as a consequence of the transformation to
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the orthorhombic structure. Orthorhombic domains might already appear above
260 K, as discussed above. The larger b lattice parameter at low temperatures
indicates that the superoxide dumbbells are predominantly tilted along the y-axis.
X-ray diraction patterns were measured above room temperature on another
sample. This sample contained no cubic phase, unlike the sample that was mea-
sured below room temperature. However, the lattice parameters of the tetragonal
phase at room temperature are the same for both samples within experimental
uncertainty, suggesting similar oxygen content. On heating above room tempe-
rature the a and b lattice parameters initially continue to expand. Meanwhile, the
c lattice parameter decreases from 200 K to 350 K. Increasing temperature will
thermally activate the dumbbells, leading them to precess more around the tetra-
gonal axis and hence shortening the c lattice parameter. It has been mentioned
in the literature that a phase transformation of RbO2 from tetragonal (I4=mmm)
to cubic (Fm3m) takes place at 420 K [3]. In contrast, one could not see a dis-
crete tetragonal to cubic phase transition at 420 K, but rather a region of phase
coexistence between the tetragonal and cubic phases between 368 K and 438 K,
consistent with a rst order transition. Here the lattice parameters of both the
tetragonal and cubic phases follow the opposite trend to that above and below
the phase coexistence region (Figure 3.4). The signicant dierence between the
tetragonal unit cell volume at 368 K and that of the cubic phase extrapolated
from the trend above 400 K (visible in Figure 3.4(c)) supports the assignment of a
rst order phase transition. As seen in this gure, the evolution of the volumes of
both phases is anomalous across the phase coexistence region. This might be due
to strain eects arising from lattice mismatch at the interfaces where one phase
nucleates and grows within the other on heating or cooling. The tetragonal phase
did not disappear completely; its fraction reached a minimum at 438 K and did not
change with further increasing temperature. This is possibly due to a temperature
gradient in the sample capillary (the heated zone may have been smaller than the
x-ray beam spread). The evolution of the phase fractions as a function of tempe-
rature is shown in Figure 3.5(d). From these observations it can be concluded that
the tetragonal to cubic phase transition becomes complete at 438 K.
Figure 3.5(a) shows the x-ray diraction patterns at 300 K, 388 K, and 468
K; the tetragonal and cubic phase fractions are plotted versus temperature in
Figure 3.5(d). The high-temperature cubic phase appeared at 368 K and the
fraction increased on heating, with a corresponding decrease in the tetragonal
phase fraction. Extra peaks are present in the diraction patterns above 378 K
and can be indexed as a second cubic phase with lower fraction and smaller lattice
parameters (black tick marks in Figures 3.5(a) and (b)).
The smaller lattice parameter (6.1977(13) A at 388 K) than the main cubic
phase (6.2983(3) A) at rst sight suggests a dierent chemical composition. How-
ever, the splitting of a single tetragonal phase into two cubic phases of dierent
composition on heating is highly unlikely. Such a phenomenon, usually referred
to as spinodal decomposition, generally occurs on cooling and involves a lowering
of symmetry [15]. A more likely explanation is that the second cubic "phase"
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Figure 3.5. (a) X-ray powder diraction patterns of RbO2 at 300 K, 388 K, and 468 K.
Phase coexistence is observed above 360 K. (b) Higher angular range showing
broadening of the tetragonal 200 reection. (Tick marks: black: cubic adaptive phase,
red: RbO2 (cubic), green: RbO2 (tetragonal), blue: RbOH.H2O). (c) The lattice
parameter of the "average" tetragonal (
p
2a+ c)=2 (red), main cubic phase (black), and
the cubic adaptive phase (red) as a function of temperature (inset: zoom of the main
cubic phase and cubic adaptive phase lattice parameters). (d) The evolution of the
phase fractions with increasing temperature.
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is a so-called adaptive phase [16] that can arise due to the accommodation of
strain in the vicinity of domain walls. For example, in Figure 3.5(a) the "adaptive
phase peak" that appears midway between the tetragonal 101 and 002 peaks can
be explained as follows. Both 101 and 002 arise from the cubic 200 peak when
the cell becomes tetragonally distorted. If tetragonal domains with orthogonal c
axes are present, the domain wall will accommodate the resulting strain due to
the mismatch in lattice parameters by extending over a signicant volume. This
extended domain wall can be envisaged as an adaptive phase and would tend to
have cubic symmetry with a lattice parameter intermediate between
p
2atetragonal
and ctetragonal. This is indeed the case for the peak between 101 and 002 at 388 K
in Figure 3.5(a). Similar reasoning can be applied for the "cubic" 220 peak that
appears midway between the tetragonal 112 and 200 peaks at 2  40.5 in Figure
3.5(b). The adaptive phase peaks were extremely broad and attened in shape
at the peak maxima, consistent with small structurally coherent regions and/or a
strain gradient. However, they became somewhat sharper on heating across the
phase coexistence region. The tetragonal peaks exhibited a much larger degree of
anisotropic broadening than at room temperature, as can be seen for the 110 and
200 peaks in Figure 3.5(a) and (b). Reasonable ts could still be obtained using
the microstrain formalism; for example, the S400 parameter increased from 0.39
at 300 K to 8.73 at 388 K. This broadening is consistent with decreasing domain
sizes of the tetragonal phase as the temperature is increased.
The appearance of the second cubic phase with smaller lattice parameter can
also be related with the presence of a distinct phase with lower oxygen content
that is unrelated to the main tetragonal to cubic phase transition. This scenario
can be considered because the lattice parameter of the second cubic phase (Figure
3.5(c)) does not follow (
p
2a+ c)=2 of the tetragonal phase. The broad diraction
peaks of the second cubic phase can be explained in terms of small domains. As
the temperature is increased, these domains start to grow, while those of the
tetragonal phase shrink. Sharper diraction peaks of the second cubic phase at
high temperatures can be ascribed to larger domain sizes. It is possible that with
increasing temperature, oxygen vacancies tend to diuse more and congregate to
form larger oxygen-decient domains. In the alternative adaptive phase scenario
described above, the second cubic phase is simply an intermediate structure found
in the vicinity of domain boundaries between the tetragonal and cubic phases.
Rubidium superoxide was previously reported to show long-range antiferro-
magnetic ordering below 15 K [17]. The experimental results are in agreement
with the earlier report. As shown in Figure 3.6, a peak in the susceptibility versus
temperature curve at 15 K indicates the long-range antiferromagnetic ordering
temperature (TN ). A Curie-Weiss t to the paramagnetic region yielded a Curie-
Weiss constant (CW ) of -16.9 K and an eective moment of 1.72 B . Both values
agree well with the scenario of dominant antiferromagnetic interactions between S
= 1/2 molecules (superoxide). However, the magnetic exchange mechanisms and
pathways in RbO2 have never been studied. Recent electronic structure calcula-
tions by Kim et al. on KO2 suggested that ordering of the x and y orbitals in
44
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cw ~ -16.9 K
eff ~ 1.72 B
Figure 3.6. Magnetic susceptibility and inverse susceptibility versus temperature of
RbO2. Measurement was carried out in 1 kOe after zero-eld cooling (ZFC).
a "ferro" conguration occurs. Ferromagnetic (FM) superexchange interactions
mediated by the K+ cation are then dominant in the ab-plane, and direct anti-
ferromagnetic (AFM) exchange interactions between nearest neighbor anions are
strongest in the inter-plane direction [18]. This is consistent with the magnetic
structure determined by an early neutron diraction experiment [19]. Nandy et al.
then calculated that the same magnetic structure can be stabilized if the dumb-
bell tilts are ordered in a staggered arrangement along the x and y axes, leading
to an "antiferro" orbital ordering [20]. The x-ray diraction data (Table 3.1), as
well as previous reports on single crystals [3, 4], suggest that the tilting of the
dumbbells at low temperatures is small, giving rise to only a small distortion from
the high-temperature tetragonal structure. Although it was not possible to rene
the tilt angle accurately from the current data, it is certainly much less than the
30 reported for KO2 which results in a triclinic structure [21]. Ylvisaker et al.
recently carried out electronic structure calculations on RbO2 and concluded that
the orbitals of the oxygen dumbbells must be antiferro-ordered (staggered) in the
tetragonal plane to be consistent with the reported magnetic structure of KO2 [22].
Dierent stackings of orbitally ordered planes are possible in the c-direction and
are essentially degenerate. This calculation was based on untilted dumbbells in
the c-direction and is probably the most reasonable model that has been proposed
for RbO2. From here the possible exchange interaction paths in RbO2 is construc-
ted (see Figure 3.7). For staggered ordering of the x and y orbitals in-plane,
the ferromagnetic exchange can be invoked either by direct overlap of adjacent
lled and half-lled orbitals or by superexchange via Rb+ cations. By analogy
with transition metal (TM) oxides (metal-O2 -metal superexchange interaction),
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the exchange interactions between lled and half-lled orbitals via the Rb+ cation
will result in a ferromagnetic exchange [23{25]. Superexchange via the Rb+ cation
is depicted in Figure 3.7(a) by the A and B exchange paths. Both interactions in-
volve pathways between lled and half-lled orbitals. Nevertheless, J2 (B) will be
slightly stronger than J1 (A) due to the slightly shorter a axis. In the case of dir-
ect exchange, the exchange interaction in the a direction will also be stronger due
to the smaller a lattice parameter. Superexchange between two nearest-neighbor
dumbbells mediated by the Rb+ cation in the c-direction (separated by 4.49 A)
would yield an antiferromagnetic ground state if the orbital occupation on each is
identical (J3), as marked by path C in Figure 3.7(b). This is again a consequence
of the Goodenough-Kanamori-Anderson rules where a superexchange interaction













Figure 3.7. Schematic representation of possible exchange interaction paths giving
long-range (3D) antiferromagnetic ordering in RbO2: (a) in-plane ferromagnetic
exchange interactions; (b) inter-plane antiferromagnetic exchange interactions.
3.3.2 RbO2 
A new phase of rubidium superoxide, the cubic oxygen-decient RbO2 , has
been synthesized by thermal decomposition of RbO2 at 220
C. The synthesis and
properties of this compound will be discussed in detail in Chapter 4. It was found
that shorter decomposition times led to samples containing both cubic RbO2  and
tetragonal RbO2, as illustrated in Figure 3.8. The relative phase fractions could
be controlled, the fraction of RbO2  increasing for longer thermal decomposition
times.
The structural renements using the x-ray diraction patterns showing phase
coexistence were not simple. Even for the sample with the lowest cubic fraction
(6%), the peaks of both phases were broad, especially those corresponding to
cubic RbO2 . Modeling the peaks using anisotropic broadening parameters was
insucient. Broad peaks from the cubic phase could only be modeled by employ-
ing two cubic phases with slightly dierent lattice parameters. This was the case
46
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Figure 3.8. (a) Room temperature XRD patterns showing phase coexistence of
tetragonal RbO2 (I4/mmm) and cubic RbO2  (Fm3m). The bottom pattern shows
full oxygen content tetragonal RbO2, and the top pattern shows cubic RbO2 ; (b)
Fitted x-ray diraction patterns for three samples showing phase coexistence (top 2
markers: tetragonal phase; bottom 2 markers: cubic phase); (c) Selected area of the
x-ray diraction pattern of sample showing 59% fraction of tetragonal phase.
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for all samples showing phase coexistence (tetragonal + cubic). With increasing
cubic phase fraction, the peaks originating from the tetragonal phase also became
broad and two tetragonal phases had to be included. Asymmetric peaks were
also observed, mainly those where cubic and tetragonal peaks coincide such as
111tetragonal & 101cubic. This peak broadening probably indicates the presence of
domains/clusters with a range of oxygen contents, which can be approximately
modeled using two phases. Problems with the 2 + 2 phase model were signaled by
huge isotropic thermal factors (Uiso) and unrealistic O-O distances, which were
thus constrained to 1.33 A during renement. The anisotropic broadening para-
meters for each phase were also rened. Figure 3.8(c) shows a zoomed area of the
x-ray diraction pattern of a sample with 59% of tetragonal RbO2. The broad
peak slightly above 2 = 28 is the cubic 200 peak, which can only be tted well
using two cubic phases. The shape shows that in reality there is likely to be a
continuous range of cubic phases varying in oxygen content. Within experimental
uncertainty the (average) lattice parameters of the cubic and tetragonal phases
do not vary with the relative phase fraction. It is noticed that the c lattice para-
meter of the tetragonal phase is smaller than that reported in the previous section,
ranging from 6.92-6.96 A. This small c suggests that the tetragonal phase can ac-
commodate oxygen vacancies. At 100% cubic fraction, the lattice parameter of
the cubic phase is small due to a considerable proportion of empty anion sites (va-
cancies). Thus, in the samples that show phase coexistence (cubic + tetragonal),
oxygen vacancies are incorporated in both phases.
It is also performed XRD above room temperature on a sample showing phase
coexistence, as shown in Figure 3.9. At room temperature, the cubic and tetra-
gonal fractions were 48% and 52%. At room temperature it was not necessary
to include microstrain broadening parameters in the renement of the tetragonal
phase. However, anisotropic broadening became signicant with increasing tempe-
rature, in similar fashion to pure RbO2 as discussed in section 3.3.1. The most
important parameter was again S400. On heating above room temperature, the
peaks from the cubic phase became sharper and could be well modeled without
anisotropic broadening. The tetragonal phase gradually disappeared and only
the cubic structure remained above 338 K, thus lower oxygen content suppresses
the cubic to tetragonal transition, which occurs between 368 K and 438 K in pure
RbO2. The lattice parameter of the cubic phase jumps between 318 K (a  6.21 A)
and 328 K (a  6.27 A). This might indicate a rst order phase transition (Figure
3.10). These observations suggest that oxygen diuses between the two phases
(RbO2 + RbO2 ) at the transition, eventually leading to a high-temperature
cubic phase of homogeneous composition. In other words, the change in cubic
volume and disappearance of the tetragonal phase at 338 K signals a spinodal
decomposition [15]. This can equivalently be viewed as a transition at which the
homogeneous high-T cubic phase RbO2 x disproportionates to a mixture of tetra-
gonal RbO2 and cubic RbO2 , where  > x. The appearance of a small fraction
of a second cubic phase above 338 K is observed. This second cubic phase has
a smaller lattice parameter (6.249(2) A) than the main cubic phase (6.27 A),
48
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Figure 3.9. X-ray powder diraction patterns at elevated temperature for a sample
showing phase coexistence of tetragonal RbO2 and cubic RbO2  (indicated by ).
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and is thus suspected to have a greater oxygen deciency. This suggests that the
oxygen diusion process does not result in a completely homogeneous cubic-phase
sample at high temperature. The lattice parameter of the main cubic phase at
room temperature (6.2813(7) A) is bigger than that of RbO1:66 (see Chapter 4).















































Figure 3.10. (a) The lattice parameters and (b) cell volumes as a function of
temperature for the tetragonal and the main cubic phase.
The dierence between the cubic and tetragonal structures is also seen from
the Raman spectra. Figure 3.11 shows the room temperature Raman spectra
of two dierent samples with dierent fractions of cubic RbO2  and tetragonal
RbO2. The O-O stretching mode peak at 1142 cm 1 is asymmetric for both
samples, and can only be well tted by employing two Lorentzian proles. The
broader peak of the doublet is consistent with the disordered orientation of the
superoxide anions and random site vacancies in cubic RbO2 , while the sharper
peak corresponds to the ordered orientation of the dumbbells along the c-direction
in tetragonal RbO2. This is in agreement with the structural model from x-ray
diraction where RbO2 is truly tetragonal at 300 K with dumbbells pointing along
the c-axis.
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Figure 3.11. Room temperature Raman spectra of two samples showing phase
coexistence of tetragonal RbO2 and cubic RbO2 .
3.3.3 Incorporating Peroxide Anions (RbO2 ;  > 0:5)
The region of the rubidium-oxygen phase diagram at lower oxygen content was also
explored. Attempts to synthesize rubidium sesquioxide (Rb4O6) were carried out
by the thermal decomposition method, but a pure sample was not obtained using
this method. Thermal decomposition of RbO2 at 300
C for 5 hours resulted in
the formation of 17.5% of Rb4O6 (space group I43d), while the rest of the sample
was comprised of cubic RbO2  (space group Fm3m). The color of the powder
was grey due to the mixture of two phases. Figure 3.12(a) shows the measured
and rened x-ray powder diraction patterns of this sample. The pattern does not
indicate the presence of rubidium peroxide (Rb2O2).
Attempts to synthesize samples with compositions closer to Rb4O6 were made
by increasing the decomposition time at 300C. However, it is found that extending
the decomposition duration decreased the amount of sample. It appears that
heating at 300C does not only decompose/evaporate the oxygen, but partial
melting also occurs and the sample becomes volatile. Moreover, melted powder
became rmly attached to the alumina crucible. Figure 3.12(b) shows the x-ray
powder diraction pattern of a sample obtained from thermal decomposition of
RbO2 at 300
C for 12 hours. The pattern is dominated by the black sesquioxide
phase, with 29% cubic RbO2 . Comparing the lattice parameters of the phases
in the two samples (see Table 3.2), the lattice parameter of Rb4O6 decreases by
0.2% from sample 1 to 2, whereas that of RbO2  decreases by 0.6%. This
suggests that most of the additional oxygen vacancies in sample 2 are incorporated
in the cubic RbO2  phase. The previously reported lattice parameter of Rb4O6 is
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Figure 3.12. (a) X-ray diraction pattern of sample obtained from the thermal
decomposition of RbO2 at 300
C for 5 hours (top and bottom rows of markers indicate
the positions of Rb4O6 and cubic RbO2  peaks. (b) X-ray diraction pattern of
Rb4O6 obtained from thermal decomposition of RbO2 at 300
C for 12 hours (with 29%
of cubic RbO2 ).
9.3226 A [2], in reasonable agreement with that for sample 1. The current results
for sample 2 suggest that the Rb4O6 structure can also incorporate a degree of
oxygen deciency.
Table 3.2. Phase fractions and lattice parameters for two-phase mixtures of RbO2  +
Rb4O6.
Phase Fractions (%) Lattice Parameters (A)
Sample 1 RbO2  82.5 6.2403(8)
Rb4O6 17.5(3) 9.3260(12)
Sample 2 RbO2  29.0(8) 6.2042(15)
Rb4O6 71 9.3084(7)
At rst sight Raman spectroscopy appears to conrm the presence of peroxide
and superoxide molecules in the Rb4O6-rich sample by the presence of the O-O
stretching modes at 750 cm 1 and 1123 cm 1 (Figure 3.13), within the expected
range for alkali peroxides and superoxides reported in the literature [26]. However,
recent theoretical work shows that these two modes can originate from the same
mixed-valent dioxygen species [27], where the mode at 1123 cm 1 corresponds to
in-phase stretching of nearest neighbors and the mode at 750 cm 1 corresponds
to out-of-phase stretching. Both peaks are shifted considerably from the values
of 795 cm 1 and 1153 cm 1 previously reported for Rb4O6 [2]. The local en-
vironment of the corresponding dumbbells, such as the concentration of oxygen
vacancies, is likely to determine the shift of these stretching modes. Moreover,
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the cubic RbO2  phase also contributes to the 1123 cm 1 stretching mode. It is
also notice that the 750 cm 1 peak is slightly broader than the 1123 cm 1 peak
(FWHM of 21.6 cm 1 and 15.5 cm 1, respectively). Similar modes in an ana-
logous "mixed-valent" system Ba1 xKxO2 [28], where the peak broadening was
explained in terms of the presence of dierent cationic environments surrounding
the peroxide dumbbells, were observed. In Rb4O6, dierent local environments
can be in the form of defects such as empty cation/Rb+ sites or the presence of
dioxygen dumbbells at the cation/Rb position. It is noted that ne structure was
previously observed on both peaks in Rb4O6 [2], but was not discussed.











Figure 3.13. Raman spectrum of sample 2, containing 71% Rb4O6.
The magnetic properties of this sample were also measured (see Figure 3.14).
The measurement was carried out at 500 Oe. The irreversibility between the zero
eld-cooled (ZFC) and eld-cooled (FC) curves below 16 K is consistent with the
previously reported glassy behavior of this compound [2]. Curie-Weiss tting of
the paramagnetic region yields C  0.42 (the magnetization was rst normalized
with respect to the nominal fraction of superoxide anions in the sample). This
corresponds to eff  1.8 B per superoxide anion, which is near to the value
expected for an S = 1/2 species.
The intercept of the Curie-Weiss t gives CW = -13.9 K, which signals antifer-
romagnetic interactions. This is in agreement with what Winterlik et al. observed
for their Rb4O6 sample [2]. Deviation from the high-temperature Curie-Weiss be-
havior begins at around 45 K and can be attributed to the contribution of the
RbO2  phase (see Chapter 4).
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Figure 3.14. Field cooled (lled symbols) and zero eld cooled (open symbols) magnetic
susceptibility as a function of temperature of sample 2, containing 71% Rb4O6 and 29%
cubic RbO2 .
3.4 Discussion on the Phase Diagram of RbOx
Figure 3.15 shows a schematic composition-temperature phase diagram of RbOx
for x  1.5, based on the experimental data. There are not enough data points
to construct the phase diagram accurately, so it should be used for illustration
only. One can start the discussion with the full oxygen content RbO2. Showing a
tetragonal structure at room temperature (space group I4=mmm) with dumbbells
pointing along the c-direction, the structure changes to orthorhombic below 260 K
(space group Immm) as a result of dumbbell tilts in the bc plane. As discussed in
the rst section of this chapter, the current polycrystalline RbO2 exhibits dierent
behavior to previously studied single crystals: it does not show the full series of
discrete crystallographic phase transitions below room temperature. Large aniso-
tropic broadening parameters in the XRD renements at low temperatures suggest
that further distortion to a monoclinic structure might occur. This becomes more
apparent below 70 K where the tting of certain individual peaks assuming the
Immm model worsens. Higher resolution diraction experiments are necessary
to probe this further. The high temperature phase of single crystal RbO2 was
previously reported to be cubic (space group Fm3m) above a transition tempe-
rature of 420 K [3]. In contrast, a broad range of phase coexistence of cubic and
tetragonal phases between 368 K and 438 K were observed. Powders, however,
can have a large distribution of grain sizes and shapes. The eect of strain at
grain boundaries can lead to dierent regions of the sample undergoing the trans-
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ition at dierent temperatures, broadening the transition over the sample as a
whole. Furthermore, phase coexistence often occurs in the vicinity of a rst-order
transition. The presence of tetragonal RbO2 with a smaller c lattice parameter
in mixed-phase samples might indicate that the tetragonal RbO2 structure can be
stabilized with a certain amount of oxygen deciency. We schematically mark this
phase stability range by broadening the yellow area in Figure 3.15 to show that





































































Phase Diagram of RbOx
[3]
Figure 3.15. Phase diagram of polycrystalline RbOx in the sesquioxide-superoxide
phase range.
On decreasing the oxygen content, the next stable phase is cubic RbO2  (space
group Fm3m), indicated by the light blue region in Figure 3.15. In between the
cubic and tetragonal phases at room temperature, coexistence of both phases is
observed, marked by the light brown region. The low temperature part of this
phase coexistence region has not been studied in detail. Nevertheless, it is observed
from a few x-ray diraction patterns that phase coexistence is maintained and
that the individual phases transform in similar fashion as for pure samples of each
(cubic RbO2   ! orthorhombic RbO2 , tetragonal RbO2  ! orthorhombic
RbO2). However, one can not precisely determined the transition temperatures.
X-ray diraction patterns were only collected at single temperatures above and
below 230 K, which is the transition temperature for pure cubic RbO1:66 (see
Chapter 4). The phase transition temperatures might vary with composition.
At high temperature the transformation from a mixed-phase sample to a single,
homogeneous cubic phase has the characteristics of spinoidal decomposition.
Peroxide anions start to play a role as rubidium sesquioxide (Rb4O6/RbO1:5) is
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formed. The phase coexistence of RbO1:5 and RbO2  is indicated by the orange
region in Figure 3.15. From the variation in lattice parameters observed in samples
with a coexistence of Rb4O6 and RbO2  and the shift in frequency of the O-O
stretching modes compared to the published Rb4O6 spectrum, it is suggested that
Rb4O6 can accommodate a certain range of oxygen vacancies. Further investig-
ations are needed to clarify this issue. Here, the region of the phase diagram at
oxygen contents lower than RbO1:5 is not considered; it contains rubidium per-
oxide (Rb2O2) and metallic rubidium sub-oxides with even lower oxygen content,
e.g. Rb6O, Rb11O2, Rb9O2.
3.5 Cooling Rate Eect in RbOx
It is well established that the phase transitions in RbO2 primarily involve tilting
of the superoxide dumbbells, which from the current data occurs mainly in the
bc plane. The tilting in RbO2 is not as pronounced as in CsO2 (see Chapter 5).
In Chapter 4 the anomalous crystallographic behavior of RbO1:66 is discussed,
for which a faster cooling rate results in an apparently homogeneous phase at
low temperature, whereas a slower cooling rate leads to small domains, perhaps
with dierent symmetry. A similar behavior in RbO2 is observed, although not as
pronounced as in RbO1:66. Figure 3.16 shows the evolution of the full-width-at-
half-maximum (FWHM) of the 200 peak as a function of temperature (tted using
the room temperature tetragonal model) under fast and slow cooling rates. For
fast cooling, the system was cooled down to 20 K at the fastest rate possible in our
Huber G670 cryo-cooler (0.2 K/s). For slow cooling the x-ray diraction patterns
were obtained at 10 K steps from 300 K down to 20 K. In each measurement, the
sample was exposed to the x-ray beam for 120 minutes.
As seen in Figure 3.16, the 200 peak is broader for slow cooling below 100 K,
and the broadening is most signicant below 50 K. Considering the experimental
uncertainty in determining the FWHM, above 100 K the peak widths are similar
for fast and slow cooling. The structure of RbO2 at low temperature appears
orthorhombic from the current XRD data, but might be comprised of twin domains
of lower symmetry. For fast cooling the size of these domains would then be
larger, indicated by the sharper diraction peaks. Similar to the case of RbO1:66,
the broader 200 peak measured under slow cooling can be explained in terms
of smaller domain formation. However, the peak broadening in RbO2 is not as
extreme as in the case of RbO1:66. The phase transition in RbO2 probably does
not involve a large energy barrier since it involves only a small gyration/deviation
of the dumbbells (5) from their original orientations (along the c-axis). A
similar dependence of phase transition behavior on cooling rate has previously
been observed in ZnMnxGa2 xO4 spinels [29, 30], where cooling rate aects the
balance between Jahn-Teller-distorted and non-distorted domains. At the Jahn-
Teller transition these spinels segregate into Mn-rich and poor domains. In the
case of RbO2 there might be a similar coexistence of non-distorted tetragonal
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and Jahn-Teller-distorted orthorhombic phases in small domains. Slow cooling is
likely to involve diusion of vacancies, thus allowing the creation of domains with
dierent chemical compositions. This could occur if there are oxygen vacancies
in the current RbO2 compound. On the other hand, a more homogeneous Jahn-
Teller distorted phase would be obtained during fast cooling, appearing as an
orthorhombic phase with sharper diraction peaks.



















Figure 3.16. Evolution of the FWHM of the 200 peak of RbO2 (tted using XFIT [31])
with temperature at dierent cooling rates (see text). The peak was tted using a
single pseudo-Voigt prole as for the tetragonal model.
Additionally, a surprising cooling rate dependence in RbO1:78 is observed. The
x-ray diraction pattern showed that the structure at room temperature was ini-
tially cubic (space group Fm3m) after synthesis. The sample was then quenched
from RT to 100 K in less than 2 minutes by immersing the sample into the cryo-
stat on the GEM neutron diractometer at ISIS. After the sample was quenched,
neutron diraction patterns were collected from 8 K to 260 K. The structure was
now tetragonal and did not undergo any phase transition up to the highest tempe-
rature measured (260 K). No orthorhombic broadening or splitting of any of the
diraction peaks was observed, unlike for RbO2 and RbO1:66. Figure 3.17 shows
the tted neutron diraction patterns of RbO1:78 at 8 K and 260 K.
Complications arose during Rietveld renement of the neutron diraction pat-
terns. All peaks could be indexed using the tetragonal model (I4=mmm), but the
intensities were slightly mismatched and the O-O bond lengths rened to unreal-
istically short values (1.20 A). Attempts to t the diraction patterns with other
lower symmetry models did not yield reliable results. The t could be improved
and the O-O bond length increased to 1.30 A by placing a signicant fraction
(20%) of single oxygen atoms (O2 ) at the center of the dumbbell site. This was
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Figure 3.17. Observed, calculated and dierence neutron diraction patterns of
RbO1:78 at (a) 8 K and (b) 260 K.
suggested from the appearance of scattering density at this site in the dierence
Fourier plots. Although such a feature has been reported for barium peroxide [32],
it is very unlikely that oxide can be present in a superoxide environment. Fur-
thermore, the inclusion of signicant numbers of oxide anions is unfeasible from
the point of view of charge balance, requiring an unrealistically large number of
dumbbell vacancies. The problems in obtaining a good t might indicate that the
structure is more complex, and that nanodomains of lower symmetry only mimic
the tetragonal structure. Regardless of the peak intensity mismatches, the oxygen
deciency with respect to RbO2 is evidenced by the c lattice parameter, which is
shorter (cRbO2  6.98 A; cRbO1:78  6.89 A at 260 K). The evolution of the lattice
parameters with temperature is plotted in Figure 3.18.
It was surprising to see that cubic RbO1:78 (space group Fm3m) transformed
into a tetragonal structure (space group I=4mmm) on fast cooling; this does not
seem to occur for cubic RbO1:66 studied in Chapter 4. A tentative explanation
is provided as follows. Because there is a signicant energy barrier to molecular
reorientation in alkali superoxides, for fast cooling rates (quenching RbO1:78 from
room temperature to 100 K in 2 minutes) the dumbbells are able to re-orient
only in one direction, resulting in a tetragonal structure. This is the case for
all cooling rates in fully stoichiometric RbO2. In RbO1:66 there is likely to be
sucient structural exibility due to the higher number of oxygen vacancies that
a more preferred orthorhombic structure can be formed, in which the dumbbells
are ordered in a plane.
A memory eect was observed after quenching RbO1:78 in the neutron dirac-
tion experiment. Surprisingly, the tetragonal phase persisted up to room tempe-
rature, as measured afterwards by x-ray diraction, and the cubic phase slowly
reappeared with time (over a period of a few months). One can rule out any
changes in sample composition because the sample was kept in a sealed nitrogen-
lled vanadium can before, during and after the neutron diraction experiment,
and then handled either in a dry nitrogen atmosphere or vacuum for further in-
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Figure 3.18. The change in lattice parameters as a function of temperature for
quenched RbO1:78.











Before quench (300 K) (a)













Figure 3.19. (a) X-ray diraction pattern of RbO1:78 at room temperature measured 3
months after the neutron diraction experiment. Arrows indicate peaks of the cubic
phase; (b) x-ray diraction pattern of RbO1:78 at room temperature after quenching to
77 K and warming again.
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vestigation. No typical signs of sample decomposition were observed such as the
formation of rubidium hydroxide. Figure 3.19(a) shows the room-temperature x-
ray diraction pattern of RbO1:78 around 3 months after the sample was quenched.
The sample shows a ratio of 60% cubic to 40% tetragonal phase. Afterwards, the
quenching procedure was repeated. The same sample was sealed in vacuum in a
quartz tube, immersed in liquid nitrogen (77 K) and kept there for 1 hour. As
seen in Figure 3.19(b), the pure tetragonal phase was not recovered after warming
back to room temperature, but the cubic phase fraction had decreased to 40%.
This again provides evidence that with quenching, the dumbbells in the cubic
phase at this level of oxygen vacancies tend to order in one direction, giving the
tetragonal structure. It is noted that the equilibrium low temperature structure
of the as-synthesized RbO1:78 (after slower cooling) remains unknown because the
initial quenching caused irreversible structural changes. Heating above the tetra-
gonal to cubic phase transition might be needed in order to "reset" the sample
to the initial structure before quenching. This possibility has not been attempted
experimentally.
In the state where tetragonal and cubic RbO1:78 phases coexist, one can see
signicant broadening of the tetragonal reection peaks, especially those indexed
as hk0 peaks during normal cooling (0.2 K/s) using our Huber G670 x-ray dif-
fractometer. This indicates that an orthorhombic distortion due to the Jahn-
Teller eect probably occurs. It is important to emphasize that after the initial
fast cooling of this sample (neutron diraction) no broadening of the tetragonal
peaks was apparent, demonstrating that thermal history has a large eect on the
structure. The cubic peaks also become very broad at low temperatures after
cooling in the x-ray diractometer. For cubic RbO1:66, a cubic to orthorhombic
phase transition occurs at 220 K (see Chapter 4). However, for slow cooling the
low temperature orthorhombic phase of RbO1:66 could not be well resolved, with
extreme XRD peak broadening probably due to the eects of small domain sizes.
The small dierence in composition between RbO1:78 and RbO1:66 seems to res-
ult in a very dierent dependence of the structure on cooling rate and thermal
history. Furthermore, it appears that RbO1:78 is a composition on the border-
line between the cubic and tetragonal structures at room temperature; the two
structures are clearly very similar in energy. Orientational ordering phenomena
have previously been discussed for the C60 system where rapid rotation of the mo-
lecules at room temperature is suppressed as the temperature is lowered. A phase
transition is then observed at low temperature that does not involve atomic shifts
or displacements but rather molecular re-orientations [33, 34]. Similar behavior
can be expected for molecular oxygen. Low temperature structures of rubidium
oxides are achieved via re-orientations of the superoxide molecules, a process that
involves a high potential barrier and is thus slow compared to electronic trans-
itions such as Jahn-Teller distortions that proceed via small atomic shifts. The
dierent low temperature structures of RbO2  obtained from dierent cooling
rates may arise due to the elastic nature of the dumbbells, an alternative scenario
to that involving the Jahn-Teller eect and spinodal decomposition. Similar phase
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transitions in non-Jahn-Teller-active alkali metal cyanides have been reported to
be irreversible [35{37]. As an example, the low temperature structure of KCN
varies a lot depending on the thermal history. The irreversibility was explained
by the presence of random strain elds generated by previous thermal cycles. In
addition to the eects of thermal cycling in RbO2 , it is possible that random
strain elds also appear due to randomly distributed oxygen vacancies. Random
vacancies will strongly modify the elastic potential barriers and relative energies
of the structure, thus aecting the re-orientation of the dumbbells during cooling
down.
3.6 Conclusions
Rubidium oxide compounds with dierent compositions have been synthesized
and the oxygen-rich part of the phase diagram has been explored. It was found
that tetragonal RbO2 can accommodate a few percent of oxygen vacancies. On
heating, polycrystalline tetragonal RbO2 transforms to a cubic phase via a broad
phase coexistence region between 368 K and 438 K. Within this region, XRD
peaks from a cubic stress-accommodating adaptive phase also emerge. Decreasing
the oxygen content yields a cubic phase RbO2  at room temperature that spans
compositions between at least RbO1:66 and RbO1:78. This phase coexists with
tetragonal RbO2 for oxygen contents between 1.78 and 2. Phase coexistence
was also observed in the region between rubidium sesquioxide (Rb4O6) and cubic
RbO2 . Rb4O6 can also accommodate a limited range of oxygen contents.
The low temperature structure of both RbO2 and RbO2  strongly depends
on the rate of cooling and for some compositions also on the thermal history. Fast
cooling results in more ordered structures at low temperature, indicated by sharp
diraction peaks. Slow cooling leads to broader diraction peaks, indicating small
domains and/or phase coexistence that might involve segregation into phases with
dierent chemical compositions, driven by the Jahn-Teller eect.
The physical properties of the compounds studied in this chapter need to be
investigated in more detail, especially the magnetic properties. Further studies
should be performed on the magnetic exchange interaction paths that exist, even
for relatively well characterized RbO2. Both elastic and inelastic neutron scatter-
ing experiments might be the most suitable method in determining the magnetic
exchange interactions; the growth of single crystals would be of much benet here.
More detailed investigations of the crystallographic properties correlated with the
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